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Abstract
The interactions between pro- and anti-apoptotic members of the Bcl-2 class of proteins control
whether a cell lives or dies, and the study of these protein–protein interactions has been an area of
intense research. In this report, we describe a new tool for the study and engineering of apoptotic
protein interactions that is based on the flow cytometric detection of these interactions on the
surface of Escherichia coli. After validation of the assay with the well-studied interaction between
the Bak(72–87) peptide and the anti-apoptotic protein Bcl-xL, the effect of both increasing and
decreasing Bak peptide length on Bcl-xL binding was investigated. Previous work demonstrated
that the Bak(72–87) peptide also binds to the anti-apoptotic protein Bcl-2, albeit with lower
binding affinity compared to Bcl-xL. Here, we demonstrate that a slightly longer Bak peptide
corresponding to amino acids 72–89 of Bak binds Bcl-xL and Bcl-2 equally well. Approximate
binding affinity calculations on these peptide–protein complexes confirm the experimental
observations. The flow cytometric assay was also used to screen a saturation mutagenesis library
of Bak(72–87) variants for improved affinity to Bcl-xL. The best variants obtained from this
library exhibit an apparent Kd to Bcl-xL 4-fold lower than that of wild-type Bak(72–87).
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Introduction
The Bcl-2 class of proteins is critical to the regulation of apoptosis.1–3 Though all members
of the class exhibit similar α-helical tertiary structures, the class can be further divided, on
the basis of function, into pro-apoptotic and anti-apoptotic subclasses.4 Pro-apoptotic Bcl-2
proteins, such as Bak and Bax,5,6 initiate cell death while anti-apoptotic proteins, including
Bcl-2 and Bcl-xL, prevent cell death.7,8 Bak and Bax promote cell death by permeabilizing
the mitochondrial membrane, leading to the release of cytochrome c into the cytoplasm9,10

and ultimately activation of caspases.11 One mechanism by which anti-apoptotic subclass
members prevent apoptosis is the formation of heterodimers of anti-apoptotic proteins with
Bak or Bax, thus sequestering these pro-apoptotic proteins.12 Since elevated levels of Bcl-2
and Bcl-xL are found in several cancers,7,13–18 much effort has been put into understanding
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the heterodimeric interactions between pro- and anti-apoptotic Bcl-2 class members. These
protein–protein interactions have been extensively studied through structural biology efforts,
19–22 in vitro binding assays,19,23–25 and in vivo techniques such as co-
immunoprecipitation.5,26 It has been established that binding between Bak and Bcl-xL is
mediated by the amphipathic α-helix corresponding to the BH3 homology region of Bak,
which, when complexed, resides in a hydrophobic cleft of Bcl-xL.19 A 16-amino-acid
peptide corresponding to the BH3 region (residues 72–87) of Bak is sufficient for binding to
Bcl-xL.19 This same peptide binds to Bcl-2 but with a lower affinity,23 leading to the
conclusion that Bak has some specificity toward Bcl-xL relative to Bcl-2.27

In this work, we sought to develop a recombinant system for examining Bak peptide–Bcl-xL
interactions rapidly and quantitatively to investigate the role of Bak peptide length on its
binding to Bcl-xL and Bcl-2. To this end, we have recapitulated the interaction between the
Bak BH3 peptide and Bcl-xL on the cell surface of Escherichia coli (Fig. 1). Bacterial cell
surface display has been successfully employed previously for the study and engineering of
biomolecular interactions,28 including the selection of peptides with binding capability from
large random libraries29 and antibody affinity maturation.30,31 In our binding platform, the
Bak peptide is fused to the N-terminus of the enhanced circularly permuted OmpX (eCPX)
display protein,32,33 thus decorating the cell surface with many copies of the Bak peptide.
Subsequent binding steps with biotinylated Bcl-xL and fluorescent streptavidin render cells
with productive binding fluorescent, allowing quantitative detection of the binding event by
flow cytometry. Combining this platform with cell sorting allows the screening of
combinatorial libraries of Bak variants for improved affinity to Bcl-xL. Herein, we validate
our binding platform with a previously studied Bak peptide, Bak(72–87), and systematically
evaluate the effects of changing the length of the Bak peptide on its binding to Bcl-xL and
the related protein Bcl-2. In addition, we identify and characterize variants of the Bak(72–
87) peptide with improved apparent affinity to Bcl-xL by screening a saturation mutagenesis
library of Bak variants.

Results and Discussion
Recapitulation of Bak(72–87)–Bcl-xL binding on the E. coli cell surface

As an initial qualitative validation of the surface-displayed Bak binding platform (Fig. 1),
the peptide corresponding to amino acids 72–87 of Bak was fused to the N-terminus of the
eCPX display vehicle. To ensure saturation binding, we treated cells displaying the Bak(72–
87)–eCPX fusion with 1.66 μM Bcl-xL, a concentration several-fold higher than the Kd
previously determined for the Bak(72–87)–Bcl-xL interaction (340 nM).19 Following
staining with streptavidin–phycoerythrin (SAPE), cells displaying the peptide exhibit a
median fluorescence about 15-fold higher than that of cells displaying an eCPX protein with
no peptide fused to its N-terminus (Fig. 2). A critical leucine in position 78 of the Bak
peptide was changed to alanine (L78A) to ensure that the increase in fluorescence observed
was due to binding of the Bak peptide and Bcl-xL. It has been previously demonstrated that
this amino acid change leads to a nearly 1000-fold decrease in the binding affinity of
Bak(72–87) for Bcl-xL.19,25 We observe that cells displaying this mutant peptide have only
background fluorescence following treatment with Bcl-xL and SAPE (Fig. 2). Collectively,
these results illustrate that our binding platform can qualitatively capture Bak(72–87)–Bcl-
xL binding behavior.

As a more stringent validation of the platform, we generated a binding isotherm for the
Bak(72–87)–Bcl-xL interaction by incubating cells displaying Bak (72–87) with
concentrations of Bcl-xL ranging from 1.6 nM to 8 μM and measuring the median
fluorescence intensity of the resulting cell populations using flow cytometry (Fig. 3a). The
data were fit to a single-site saturation model that takes into account binding site depletion
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(see Supplementary Materials and Methods for model details). The data fit a simple single-
site saturation model equally well (Fig. S1) and permit an estimation of the value of Kd. The
value of Kd we measured, 204 nM, is in reasonable agreement with the Kd of 340 nM
previously measured with purified components by a fluorescence assay.19 A Kd value of 480
nM for the Bak(72–87)–Bcl-xL interaction was determined using fluorescence polarization
assays.23

In addition to determining the equilibrium dissociation constant, Kd, the individual rate
constants for association and dissociation (kon and koff, respectively) were estimated using a
competition assay. Following equilibrium binding of cells displaying Bak(72–87) with Bcl-
xL and SAPE staining, a large excess (41.5 μM) of non-biotinylated Bcl-xL was added to the
cells, and the median fluorescence of the cell population was monitored as a function of
time. Fitting of these data to a first-order exponential decay model led to an estimate of koff
= 1.42 × 10−3 s−1 and kon = 6.97 × 103 M−1 s−1 (Fig. 3b), where kon is calculated using the
value of Kd we measured, 204 nM. To our knowledge, these rate constants have not been
reported [for instance, by surface plasmon resonance (SPR) measurements] for this
particular peptide–protein pair, though SPR has been employed to determine these kinetic
parameters for the related Bim peptide–Bcl-2 interaction.24 The values we estimate for kon
and koff are similar in magnitude to those measured by SPR for the Bim–Bcl-2 interaction.
SPR measurements have also been carried out to determine the equilibrium dissociation
constant of the interaction between Bcl-xL and a longer Bak peptide, Bak(67–92), but the
individual kon and koff parameters were not reported.25

Effect of Bak peptide length on Bcl-xL binding
After determining that the surface display system could effectively capture the binding
between the Bak(72–89) peptide and Bcl-xL, we next turned our attention to the effect of
increasing the length of the Bak peptide. Several eCPX–Bak fusions were constructed based
upon secondary-structure elements of the full Bak protein (Fig. 4).34 The BH3 region of Bak
is contained within a longer, kinked helix, α3, composed of residues 70–98. Equilibrium
binding of Bcl-xL to a peptide composed of residues 70–93 of Bak resulted in fluorescence
slightly lower than that observed for the Bak(72–87) peptide (Table 1). However, fusion
proteins comprising helices α1, α2, and α3 [Bak(24–89)] or helices α3 and α4 [Bak(72–117)]
exhibited fluorescence only slightly above background levels in equilibrium binding
experiments. A construct containing amino acids 24–117 of Bak (comprising helices α1 to
α4) also exhibited essentially no binding to Bcl-xL as judged by our assay. Western blotting
experiments on outer-membrane protein preparations (OMPs) confirm that all of the
constructs except Bak(24–117) are expressed and targeted efficiently to the outer membrane
(Fig. S2). Given that the hydrophobic face of the BH3 helix is buried in full-length Bak,34

one possible explanation for the reduced binding of the longer Bak constructs is that the
extra helices are occluding the hydrophobic residues required for binding to Bcl-xL.

The effect of decreasing the length of the canonical Bak BH3 peptide (residues 72–87) was
also examined systematically in order to determine the minimal peptide required for binding
to Bcl-xL (Fig. 5). While deletion of residues N86 and R87 [resulting in the Bak(72–85)
peptide] led to a reduction in binding to nearly background levels, residues G72 and Q73
were found to be dispensable for binding. These results were somewhat obscured by the fact
that the two amino acids immediately preceding the Bak peptide in the eCPX–Bak fusions
are also glycine and glutamine. To ensure that binding to Bcl-xL was due only to Bak(74–
87), we constructed a version of the eCPX– Bak(74–87) protein in which the GQ sequence
preceding the Bak peptide was changed to GG. This construct exhibited fluorescence
equivalent to that observed with Bak(72–87) and Bak(74–87), indicating that G72 and Q73
are indeed dispensable for binding to Bcl-xL.
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Effect of Bak peptide length on Bcl-2 binding
Binding of the Bak(72–87) peptide to Bcl-2 has been previously observed using
fluorescence polarization competition assays.23 The affinity of Bak(72– 87) for Bcl-2 is
reported to be several-fold lower than that for Bcl-xL (Kd = 1.6 μM for Bcl-2; Kd = 480 nM
for Bcl-xL), and our system qualitatively captures this difference in affinity (Fig. 6). We also
investigated the binding of the Bak(72–89) peptide to Bcl-2 and Bcl-xL and surprisingly
found that this peptide bound equally well to Bcl-2 and Bcl-xL (Fig. 6). We next used these
protein–peptide interactions as a test case for a novel method for the calculation of
approximate binding affinities, K*. The method consists of five steps: (i) structure
prediction, (ii) clustering, (iii) docking simulation, (iv) ensemble generation, and (v)
approximate binding affinity calculation (see Supplementary Materials and Methods for
details on the computational approach). The same four complexes that were tested
experimentally [Bak (72–87)–Bcl-xL, Bak(72–89)–Bcl-xL, Bak(72–87)–Bcl-2, and Bak(72–
89)–Bcl-2] were investigated using the computational tool. Based on the orders of
magnitude of the approximate binding affinities (Table 2), Bak(72–87) and Bak(72–89) bind
with comparable apparent affinity to Bcl-xL while the K* values for these two peptides in
complex with Bcl-2 differ by 8 orders of magnitude (see rightmost column of Table 2).
These calculations are consistent with the experimental findings described above,
specifically that Bak(72–87) and Bak(72–89) bind equally well to Bcl-xL, but the affinity of
Bak(72–89) for Bcl-2 significantly exceeds the affinity of Bak(72–87) for Bcl-2. Given that
this computational method qualitatively captures the experimental results, the method may
also prove useful in designing Bak variants with improved affinity.

Role of Arg88 and Tyr89 of Bak in Bcl-2 binding
To more deeply understand the increased binding of Bak(72–89) to Bcl-2 relative to
Bak(72–87), we systematically mutated the Arg88 and Tyr89 residues in the Bak peptide to
investigate the role of side-chain charge and size on the binding of Bak(72– 89) to Bcl-2
(Table 3). Mutation of the positively charged Arg88 to Ala (R88A) reproducibly led to an
increase in fluorescence relative to wild-type Bak (72–89). Mutations of Arg88 to a
negatively charged amino acid (R88E) or a neutral, similarly sized amino acid (R88Q) were
deleterious but not cata-strophic to the binding of Bak(72–89) to Bcl-2. If the fluorescence
values obtained in these mutants are placed in rank order based on the identity of the residue
in position 88, we obtain A >R >Q >E. This rank order coincides precisely with the amino
acid order in the experimental helical propensity scale35 when R and E are both charged. It
has been previously noted that mutation of amino acids in a peptide derived from the BH3
region of the pro-apoptotic protein Bad to improve helical propensity led to increases in
binding affinity of the peptide to Bcl-xL.20 We conclude that the high helical propensity of
Arg88, rather than its positive charge, is responsible for the increased apparent affinity of
the Bak(72–89) peptide relative to Bak(72–87). The bulky nature of the tyrosine side chain
also appears to play a role in the binding of Bak(72–89) to Bcl-2 since its deletion or
mutation to alanine has a deleterious effect on binding (Table 3).

Affinity maturation of Bak(72–87) for Bcl-xL
Perhaps the most unique aspect of our binding platform is its ability to be adapted for high-
throughput screening to identify Bak variants with improved binding characteristics. To
illustrate this, we constructed a combinatorial library of Bak variants in which each of the
four residues composing the hydrophobic face of the amphiphilic BH3 helix (V74, L78, I81,
and I85) was allowed to change to a similar large, hydrophobic amino acid (L, V, I, M, and
F). These residues were targeted because the hydrophobic face of the BH3 helix of Bak is
critical in forming contacts with Bcl-xL and we reasoned that gains in affinity could be
realized by mutagenizing these positions. The decision to focus our library on only large
hydrophobic amino acids was based on two considerations. First, a library consisting of four
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positions randomized by the degenerate NTK codon contains only 84 = 4096 members,
ensuring that the entire sequence space of the library can be redundantly sampled by flow
cytometry. Secondly, the BH3 region of the Bcl-2 class of proteins is very highly conserved,
36 and only hydrophobic amino acids are found in these positions in Bcl-2 class members
(see Table 1 in Ref. 37).

Cells displaying library members were treated with a limiting amount of biotinylated Bcl-xL
(16 nM) and stained with SAPE as in the equilibrium binding studies described above. Cells
transformed with the library exhibit a pronounced shoulder in the fluorescence data as
compared to wild-type Bak(72–87) (Fig. S3), and these highly fluorescent members of the
population were collected using fluorescence-activated cell sorting. Analysis of individuals
from the sorted subpopulation revealed several distinct clones that retained high
fluorescence (Table 4). Of particular note is that one sequence, mut7, appeared four times
while each of the other three sequences was only observed once. Some sequence trends are
observed in these clones: leucine frequently replaces valine in position 74, while leucine is
somewhat retained in position 78. The substitution of leucine with methionine at position 78
is tolerated. Neither of the isoleucine residues in positions 81 and 85 is strongly retained,
and Ile85 is always replaced with phenylalanine. The I81F mutation was previously
observed in phage display studies to isolate miniature protein/Bak chimeras with high
affinity to Bcl-2.38 We observe the I81F mutation once, but leucine is more strongly
preferred in position 81 in the clones found in our library. Of the four different sequences
analyzed, mut7 and mut8 exhibited the highest fluorescence and were further characterized
by an estimation of the Kd toward Bcl-xL as described above. These variants exhibit a 3- to
4-fold increase in apparent affinity for Bcl-xL over the wild-type Bak(72–87) peptide, with
the best clone, mut8, exhibiting an apparent Kd lower than 50 nM (Table 4; Fig. S4).
Interestingly, both mut7 and mut8 also exhibit improved binding to Bcl-2 as evidenced by
equilibrium binding experiments (data not shown).

Conclusions
In this article, we describe a rapid, quantitative, flow-cytometry-based assay for studying the
interactions between apoptotic proteins. Given that a 16-mer helical peptide corresponding
to the BH3 region of Bak (amino acids 72–87) has been demonstrated to be sufficient for
binding to Bcl-xL, this assay was first applied to investigate the effect of Bak peptide length
on Bcl-xL binding. Significantly increasing the length of the Bak peptide beyond the BH3
region decreases its affinity for Bcl-xL. Truncation analysis on the Bak (72–87) peptide
revealed that residues 72 and 73 are dispensable for binding to Bcl-xL, suggesting that the
minimal Bak peptide for high-affinity binding to Bcl-xL is composed of only 14 amino acids
(amino acids 74–87). Surprisingly, we also find that an 18-mer Bak peptide corresponding to
amino acids 72–89 binds equally well to Bcl-xL and the related anti-apoptotic protein Bcl-2.
These results illustrate that efforts toward generating paralog-specific binding peptides39 can
benefit from consideration of peptide length as well as sequence considerations. Finally, to
demonstrate the engineering potential of our assay, we screened a saturation mutagenesis
library of variants of Bak(72–87) for improved affinity to Bcl-xL. Variants with a 3- to 4-
fold decrease in apparent Kd were readily isolated from the library. The mutants selected
from this screen include frequent substitutions of the isoleucine residues in positions 81 and
85 with phenylalanine, indicating that one potential strategy for increasing the affinity of the
Bak peptide is to increase the steric bulk of the hydrophobic face of the C-terminal half of
the peptide. It is anticipated that further gains in affinity, kinetic stability, and paralog
specificity can be realized using this screening method.
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Materials and Methods
Bacterial strains, reagents, and enzymes

All cell surface display experiments were performed in E. coli strain MC1061 [F− araD139
Δ(ara-leu)7696 galE15 galK16 Δ(lac)X74 rpsL (StrR) hsdR2 ( ) mcrA mcrB1]. Large-
scale protein expression was carried out in E. coli strain BL21(DE3) [F− ompT gal dcm lon
hsdSB ( ) (DE3)]. Cloning steps were carried out in XL-1 Blue [recA1, endA1, gyrA96,
thi, hsdR17, supE44, relA1, lac, (F′ proAB, lacIq, laczΔM15, Tn10)]. Oligonucleotides were
obtained from Integrated DNA Technologies. Restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs. PicoMaxx polymerase was from Agilent.
Streptavidin R–phycoerythrin conjugate (SAPE) was purchased from Invitrogen. D-Biotin,
anhydrotetracycline, and anti-His monoclonal antibody were purchased from Sigma.
Lysozyme was obtained from USB. Antibiotics were used for plasmid maintenance at the
following concentrations: ampicillin, 100 mg/L; kanamycin, 25 mg/L; and chloramphenicol,
25 mg/L.

Plasmids
Detailed information about plasmid and library construction can be found in Supplementary
Materials and Methods. Plasmids for the cell surface display of Bak peptides were derived
from pB33eCPX-SApep.33 The gene encoding the Bak peptide was PCR-amplified from an
E. coli codon-optimized Bak gene and inserted into the eCPX display system to generate N-
terminal Bak fusions to eCPX. To facilitate Western blotting, we constructed C-terminally
His-tagged versions of each Bak peptide–eCPX fusion. The Bak(72–87) saturation
mutagenesis library was constructed with primers containing NTK (N: A,T,G, C; K: G,T)
degenerate codons at the codons corresponding to Val74, Leu78, Ile81, and Ile85. Plasmids
for the expression of Bcl-xL and Bcl-2 were derived from the pASK75 vector.40 The gene
for C-terminally histidine-tagged Bcl-xL (residues 1–210, Δ46–85)19 was constructed by
PCR amplifying two segments of a codon-optimized, full-length Bcl-xL gene and
assembling the fragments by overlap PCR. A sequence encoding an 18-amino-acid biotin
acceptor peptide (MAGGLNDIFEAQKIEWHE, underlined lysine is the site of
biotinylation)41 was appended to the 5′ end of the Bcl-xL gene described above to generate a
gene encoding biotinylated Bcl-xL. A previously described Bcl-2 chimera (isoform 2) that
can be solubly expressed in E. coli23 consists of residues 1–34 of Bcl-2, followed by
residues 35–50 of Bcl-xL and residues 92–207 of Bcl-2. The biotin acceptor peptide tag
described above was added to the N-terminus of the chimera as was a C-terminal His-tag to
facilitate purification.

Cell surface display of Bak–eCPX fusions
In a typical experiment, 100 μL of an overnight culture of MC 1061 transformed with a
vector encoding a Bak– eCPX fusion protein was subcultured in 10 mL of LB medium
supplemented with chloramphenicol and grown to an OD600 (optical density at 600 nm) of
0.6 with shaking at 37 ¡C. The culture was induced by adding arabinose to a final
concentration of 0.2% for 2.5 h at room temperature with cultures typically reaching a final
OD600 of 1.2. At this time, cells were subjected either to binding assays (described below) or
to lysis and OMP. OMPs were isolated as previously described.42–44 OMPs were
electrophoresed in 15% Tris–tricine gels at 140 V. Western blotting to detect Bak peptide–
eCPX expression levels in OMPs was performed using an anti-His–horseradish peroxidase
conjugate. Further details about Western blotting experiments can be found in
Supplementary Information.
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Expression and purification of biotinylated Bcl-xL and Bcl-2
BL21(DE3) cells were cotransformed with a plasmid encoding either Bcl-xL or Bcl-2 and
pMON-BirA, which encodes a constitutively expressed bacterial biotin ligase. LB medium
(1 L) supplemented with ampicillin and kanamycin was inoculated with 3 mL overnight
culture and was incubated with shaking at 37 ¡C. When the OD600 of the culture reached
0.2, 2 mg D-biotin was added. Upon reaching an OD600 of 0.6, the culture was induced with
anhydrotetracycline to a final concentration of 0.2 mg/L. The cells were harvested after 5 h
of induction at room temperature and lysed by sonication and lysozyme treatment. The
protein was purified using Ni-NTA affinity resin (Qiagen) according to the manufacturer’s
recommendation and buffer-exchanged into phosphate-buffered saline (PBS, pH 7.4) using
10 DG gel-filtration columns (Bio-Rad). Typical yields for biotinylated Bcl-xL were 12–18
mg/L of culture while the yield of biotinylated Bcl-2 was typically only 1 mg/L of culture.

Binding assays and flow cytometry
Cells displaying Bak–eCPX fusions (1 mL culture) were collected by centrifugation at
6000g for 5 min and resuspended in 1 mL PBS. The cell suspension was diluted 10-fold to a
final concentration of ~108 cells/mL, and 50 μL of the suspension was incubated with
purified Bcl-xL or Bcl-2 at a final concentration of 1.6 μM. The mixture was incubated with
mild rotation at room temperature for 1 h. The cells were subsequently collected by
centrifugation and resuspended in 50 μL PBS. To this mixture, 50 μL of 100 nM SAPE was
added and the cell suspension was incubated on ice for 30 min. The cells were centrifuged
once more to remove unbound SAPE and resuspended in 2 mL PBS. Samples were
immediately analyzed on a Partec CyFlow ML Flow Cytometer equipped with a 488-nm
laser. Fluorescence data were measured in the FL2 channel (575 nm bandpass filter). Each
set of binding assays was performed at least three times.

Binding isotherms and kinetic studies
To obtain equilibrium binding isotherms, we incubated cells displaying the Bak(72–87)–
eCPX fusion with a range of concentrations of biotinylated Bcl-xL from 1.66 nM to 8.34
μM. The median fluorescence of the cell population was determined using flow cytometry,
and the data were fit to a single-site saturation model (see Supplemental Information) using
MATLAB to obtain the apparent Kd. The dissociation rate constant koff was measured by a
competition assay. Cells displaying the Bak(72–87)–eCPX fusion were labeled with 1.6 μM
biotinylated Bcl-xL and SAPE as described above. The cells were subsequently treated with
41.5 μM untagged Bcl-xL to act as a competitor. The median fluorescence of the cell
population was measured using flow cytometry each minute for 8 min. The dissociation rate
constant was calculated by fitting the data to an exponential decay model.

Library screening
Cells displaying the Bak(72–87) library were incubated with biotinylated Bcl-xL and SAPE
as described in Binding assays and flow cytometry except that Bcl-xL was added to a final
concentration of 16 nM. The top 1% of the cells in the FL2 channel was collected in single-
cell mode on FACSVantage SE cell sorter in the Princeton University flow cytometry core
facility. A portion of the sorted cells was plated on LB/chloramphenicol plates to facilitate
analysis of individual members of the population.

Computational methods
The first step in calculating the approximate binding affinities is generating an ensemble of
structures of the two Bak peptides. This is done using RosettaAbinitio.45–47 The sequences
of each peptide are provided as input, and 1000 possible three-dimensional structures are
generated per peptide. The 1000 structures are then clustered based upon the φ and ψ angles
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using OREO,48,49 which groups together similar structures. The medoids from the 10 largest
clusters, plus the overall-lowest energy structure, are selected for the docking simulation.
This gives 11 backbone configurations for each of the Bak peptides. The solution structure
of Bak(72–87) bound to Bcl-xL [Protein Data Bank (PDB) code: 1BXL] was used as the
starting structure for the Bcl-xL docking simulations. Docking was done using RosettaDock.
50–52 For the Bak(72–87)–Bcl-xL complex, each of the 11 Bak(72–87) peptides was aligned
to the structure of Bak(72–87) in complex with Bcl-xL. For this case, since the native
structure of Bak(72– 87) was known, this peptide structure was used as the overall lowest-
energy structure. For each of the 11 docking simulations, 1000 possible docked conformers
were generated, and the 10 lowest-energy conformers from each of the simulations were
selected for the final ensemble generation.53 A similar procedure was carried out for the
complex of Bak(72–89) and Bcl-xL. In this case, a native structure of Bak(72–89) was not
known; thus, the predicted lowest-energy structure from Roset-taAbinitio was used. Since
there was no crystal structure of Bcl-2 in complex with Bak, the apo structure of Bcl-2 was
used (PDB code: 1G5M). This was aligned to the Bak (72–87)–Bcl-xL complex, and the
binding region was found to be structurally similar. The Bak(72–87)–Bcl-2 crystal structure
was constructed by simply replacing Bcl-xL with the aligned structure of Bcl-2. As
described above, the Bak peptides were aligned to the native crystal structure of Bak(72–87)
in complex with Bcl-2 and the docking simulations and ensemble generation were carried
out.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of cell surface display platform for the detection of Bak–Bcl-xL interactions. The
eCPX protein localizes to the outer membrane of E. coli and displays a peptide fragment of
Bak on the surface of the bacterium. Upon treatment of the cells with biotinylated Bcl-xL
and fluorescent streptavidin, cells with productive binding events will be rendered
fluorescent and can be analyzed using flow cytometry. B, biotin; SAPE, streptavidin–
phycoerythrin.
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Fig. 2.
Qualitative validation of binding platform with Bak(72–87) and Bcl-xL. Cells displaying
Bak(72–87) exhibit fluorescence ~15-fold higher than that of cells displaying no peptide.
Mutation of the critical leucine in position 78 of the peptide to alanine abolishes binding.
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Fig. 3.
Equilibrium binding isotherm and dissociation kinetics of the Bak(72–87)–Bcl-xL
interaction. (a) Binding isotherm generated by incubating cells displaying Bak (72–87) with
different amounts of Bcl-xL. The apparent Kd is 204 nM. Error bars represent the standard
deviation of four independent experiments. The r2 value for the fit is 0.93. MFLI, median
fluorescence intensity. (b) Kinetics of dissociation of Bak(72–87) and Bcl-xL measured by a
competition assay. The apparent koff is 1.42 × 10−3 s−1. Error bars represent the standard
deviation of four independent measurements. The goodness of fit is r2 = 0.91.
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Fig. 4.
Schematic of the secondary structure of Bak. The BH3 region is highlighted (following Ref.
34 and PDB file 2IMS).
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Fig. 5.
Effect of truncation of Bak peptide on Bcl-xL binding. (a) Sequence neighborhood of the
BH3 region in Bak (amino acids 70–92). The critical leucine in position 78 is underlined as
reference. (b) Fluorescence of truncation variants of Bak(72–87) peptide. Values displayed
are median fluorescence of the cell population. Truncation of the C-terminus (residues 86
and 87) leads to a large decrease in binding while truncation of the N-terminus (residues 72
and 73) did not appreciably affect binding. Since the peptide linker connecting eCPX and
the Bak peptide contains the sequence GQ immediately preceding the Bak peptide, a variant
was constructed in which the GQ sequence was changed to GG, Bak(74–87) GG. This
peptide bound Bcl-xL equally as well as Bak(72–87).
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Fig. 6.
Binding of Bak(72–89) to Bcl-xL and Bcl-2. The Bak(72–87) peptide exhibits decreased
binding to Bcl-2 relative to Bcl-xL consistent with previous findings; however, Bak(72–89)
binds equally well to Bcl-xL and Bcl-2. M, median fluorescence of cell population.
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Table 1

Effect of Bak peptide length on Bcl-xL binding

Construct Median fluorescence (AU)

Empty eCPX 1.14

Bak(72–87) 21.29

Bak(70–93) 9.03

Bak(72–117) 1.54

Bak(24–89) 1.20

Bak(24–117) 1.20

Cells expressing Bak peptide–eCPX fusions were subjected to equilibrium binding with 1.6 μM Bcl-xL, and the median fluorescence was
measured via flow cytometry.
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Table 2

Approximate binding affinity K* of Bak peptides complexed with Bcl-xL and Bcl-2

Peptide

Protein

Bcl-xL Bcl-2

Bak(72–87) 1.24 × 10−1 2.94 × 10−5

Bak(72–89) 2.77 × 100 4.32 × 103

See the text for details on computational method for determining K*.
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Table 3

Role of R88 and Y89 side-chain charge and size on Bak(72–89) binding to Bcl-2

Construct Mutation Median fluorescence (AU)

Bak(72–87) — 2.1

Bak(72–89) — 19.1

Bak(72–89) R88A 24.6

Bak(72–89) R88E 8.4

Bak(72–89) R88Q 11.1

Bak(72–89) Y89A 11.9

Bak(72–88) — 8.3
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